Abstract We propose and demonstrate a single-fiber bi-directional WDM self-healing ring network with simple bidirectional OADM. By employing our proposed alternate-path switching scheme, the bi-directional traffic can be restored promptly under single fiber failure.
Introduction
Bi-directional wavelength division multiplexing (WDM) self-healing ring (SHR) network [1] [2] is an attractive and cost-effective approach for reliable data delivery. In this paper, we propose and demonstrate a new single-fiber bi-directional WDM SHR network with a simple low-cost bi-directional optical add-drop multiplexer (B-OADM) at each network node. By making use of the spectral periodicity of the N×2 AWG at the hub node, a novel wavelength assignment plan is proposed to enable bi-directional data transmission and a simple alternate-path switching scheme is employed for protection against single fiber failure. Fig. 1 shows our proposed single-fiber bi-directional SHR network with N access nodes (ANs), where N = 4 for example. Each downstream wavelength originated from the hub node is destined for its respective ANs in either clockwise (CW) or counterclockwise (CCW) direction, whichever having the shortest path. In contrast, the upstream wavelengths from each AN traverses towards the hub node in both CW and CCW directions. Fig. 2 illustrates the proposed wavelength assignment plan. For index i=1,…,(N/2), the wavebands A (λ i ) and B (λ N/2+i ) are allocated for downstream and upstream channels of the ANs with odd indices (AN 2i-1 ), respectively; while the wavebands C (λ N+i ) and D (λ 3N/2+i ) are for downstream and upstream channels of the ANs with even indices (AN 2i ), respectively. Besides, wavelength λ i is separated from λ N+i by one freespectral range (FSR) of the AWG; while the up-and down-stream wavelengths assigned to each AN are separated by half of the FSR of the AWG. The proposed B-OADM for the AN is shown in the inset of Fig. 1 . It consists of two optical couplers and a Mach-Zehnder interferometer with identical fiber Bragg gratings on its arms (MZI-FBG) [3] . The upstream signal is added through two optical couplers and transmitted to the hub node in both CW and CCW directions. The downstream wavelengths λ k originating from either CW or CCW direction is dropped by the MZI-FBG and transmitted to the receiver via an optical coupler, while the rest of other downstream wavelengths will simply bypass the AN. input ports of the N×2 (say 4×2) AWG, respectively. The spectral transmission peaks of the two output ports of the AWG are spaced by half of its FSR, and they are connected to the transmission fiber of the ring network in CW and CCW direction, respectively. The downstream wavelengths with odd indices {λ 1 , λ 5 } and even indices {λ 2 , λ 6 } will propagate in CCW and CW directions, respectively. Concurrently, two copies of the upstream wavelengths {λ 3 , λ 4 , λ 7 , λ 8 } originating from all ANs in both CW and CCW directions will reach the N×2 AWG, where they are demultiplexed and routed towards the transceivers at the hub. The duplicated copy would be blocked by the built-in optical isolators in the transmitters at hub, as in Fig. 1 . In case of any single fiber cut between any two ANs, the hub will detect the loss of some upstream signals. Such conditions will trigger the 2×2 optical switches designated for the affected ANs to toggle their switching states automatically to re-route the downand up-stream signals of the affected ANs. Fig. 3 illustrates the network configuration when the fiber between AN 1 and AN 2 is broken. The protection switching at the hub re-routes λ 5 to the CW path and reach the receiver at AN 2 via the B-OADM. While λ 7 from AN 2 would reach the respective receiver at the hub via a different path. With this proposed protection mechanism, a fast 100% restoration of any single fiber cut in the ring network can be achieved and all protection switching are performed at the hub only.
Network structure and wavelength assignment

Experimental demonstration
We have experimentally demonstrated the proposed network with one hub node and two ANs, which are interconnected by three pieces of 10-km single-mode fiber. At the hub, the Blue/Red filters with 18-nm passband at both blue and red bands were used and the channel spacing and the FSR of the AWG are 100-GHz and 12.8 nm, respectively. All the wavelength channels were directly modulated with 2.5-Gb/s 2 31 -1 PRBS data. At the hub node, λ 1 (1545.2nm) and λ 3 (1558.0nm) were transmitted to AN 1 in CW direction and AN 2 in CCW direction respectively. At AN 1 , λ 1 was dropped by the B-OADM; while λ 2 (1551.6nm) was added and transmitted to the hub in both CW and CCW paths. Similarly, at AN 2 , λ 3 was dropped and λ 4 (1564.4nm) was added. A monitoring unit was used in front of each upstream receiver at the hub to detect any signal loss due to fiber cut in the network. The bit-error-rate (BER) performance of the traffic between the hub and AN 1 under both normal and protection modes were measured and were depicted in Fig. 4 . The small induced power penalty (<0.5 dB) compared to the back-to-back measurement at BER = 10 -9 was mainly due to the chromatic dispersion of fiber. Then, the fiber between the hub and AN 1 was disconnected to simulate the fiber cut. The inset of Fig. 4 shows the downstream power level measured at the receiver at AN 1 . The switching time was measured to be about 9 ms and this corresponds to the network traffic restoration time achieved.
Summary
We have proposed and experimentally investigated a single-fiber bi-directional WDM network, which provides self-healing function without any protection fiber. With the proposed alternate-path switching scheme, the protection switching is performed at the hub only. Thus, the network reliability can be achieved in a more cost-effective way. This project was partially supported by Hong Kong RGC no. CUHK4216/03E.
